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Supercurrent on a vortex core in 2H-NbSe2: current driven scanning tunneling
spectroscopy
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We report current driven scanning tunneling spectroscopy (CDSTS) measurements at very low
temperatures on vortices in 2H-NbSe2. We find that a current produces an increase of the density
of states at the Fermi level in between vortices, and a reduction of the zero bias peak at the vortex
center. This occurs well below the de-pairing current. We conclude that a supercurrent affects the
low energy part of the superconducting gap structure of 2H-NbSe2.
PACS numbers: 71.45.Lr,74.25.Jb,74.55.+v,74.70.Xa
The nature of vortex cores in superconductors and su-
perfluids has been matter of research for decades. At the
core, the decay of the modulus of the pair wavefunction,
occurring over the coherence length ξ, is continuous up to
the center, where it vanishes. Caroli, de Gennes and Ma-
tricon demonstrated that vortex cores hold bound quasi-
particle states inside[1]. Such states were first visualized
by H.F. Hess et al. using scanning tunneling microscopy
in the superconductor 2H-NbSe2[2–10]. Quasiparticles in
a spatially varying pair potential acquire mixed electron-
hole character. They suffer Andreev reflection when
the modulus of the pair wavefunction gains its maxi-
mal value. In the vortex core of a clean superconductor
(with mean free path ℓ ≫ ξ), Andreev reflection gives
bound states which form when the phases of the mul-
tiply reflected quasiparticle wavefunctions interfere con-
structively. Caroli et al. found that the lowest energy
state is located at ∆2/2EF ; i. e., effectively close to the
Fermi level in many materials[1]. The discovery of these
core Andreev bound states led to new insight[11–13], and
was used to explain macroscopic effects, such as the ab-
sence of thermal conductivity in some materials when the
magnetic field is parallel to the heat gradient[14]. An-
dreev core states play a determinant role in explaining
the onset of dissipation in moving vortices, because the
scattering processes between Andreev states and the rest
of the electronic system can produce dissipation, depend-
ing on energy level spacing and scattering rates[15–21].
Here we address with current driven scanning tunneling
spectroscopy (CDSTS [22]) how vortex bound states are
affected by a current flow through the superconductor at
low currents, far below the de-pairing current and when
vortices are still static. We find a significant effect, and
relate it to the multiband superconducting properties of
2H-NbSe2[4, 14, 23–27].
We use a home-made STM thermally anchored to the
mixing chamber of a dilution refrigerator equipped with
a superconducting magnet. The magnetic field is always
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FIG. 1: (Color online) Schematics of the CDSTS experiment
performed using a tip of Au and a sample of 2H-NbSe2. A
current Isample is applied through the sample. In order to
maintain this current at a constant value (Vsample/R) when
measuring the bias voltage dependence of the conductance,
we add Vsample to the bias voltage ramp Vbias. The tunnel-
ing current Itunnel is measured through the tip electrode using
an I/V converter. The current is applied in the vortex-vortex
nearest neighbor direction, as indicated by the red arrow. De-
tails of the experimental procedure are given in Ref.[22].
applied normal to the sample’s surface. We apply a con-
stant transport current through the sample Isample of
10.6 mA, maintaining the full conductance vs bias volt-
age capability of the STM/S experiment (Fig. 1 and Ref.
[22]). We focus on measurements made at 0.1 T, where
the vortex core states and star-shape are well resolved
with zero current. The tunneling current is measured
through the tip electrode as a function of the bias volt-
age without changing Isample by applying the ramp Vbias
on both sides of the sample. The tunneling conductance
g(Vbias, Isample) is obtained through a numerical deriva-
tive dItunnel/dVbias[4, 28]. g(Vbias, Isample) is normalized
to the value obtained at a bias voltage of 2.5 mV. The
2energy resolution of this system, as checked by measur-
ing superconducting tunneling conductance using Al as
the tip and the sample electrodes[29], is of 35 µeV[22].
This value, which does not vary when applying a current,
corresponds to an effective temperature of 200 mK. We
use tips of Au, which are prepared and cleaned in-situ
as described in Ref. [30], and a 2H-NbSe2 single crystal
grown by iodine vapour deposition, with dimensions of
about 3 mm × 3 mm × 0.1 mm. The sample was glued
on top of two silver epoxy contacts made over the full
length of two sides of the sample. The resistance of the
current circuit was dominated by the resistance of the
copper wires used, which avoided Joule overheating at
the sample due to the applied current. The sample was
isolated from the sample holder, which was grounded,
using a Kapton foil. It was mechanically exfoliated just
before mounting it on the STM and cooling down. The
tip was located in an area close to the center of the surface
of the sample. The topography images obtained in this
sample presented atomic resolution and charge density
wave (CDW) order features as in previous work[5]. The
vortex lattice is oriented along one of the high symmetry
axis of the hexagonal Se lattice[2–5, 26, 27]. Thus, we can
determine the x-y scan direction with the orientation of
the atomic and vortex lattices. The x-y scanner orienta-
tion with respect to the current leads is further known
by optically inspecting the sample holder and piezo as
mounted. From this, we determine that the current is
applied parallel to the vortex-vortex nearest neighbor di-
rection, as schematically shown in Fig. 1.
FIG. 2: (Color online) Normalized tunneling conductance
curves as a function of the bias voltage obtained at 200 mK,
under a magnetic field of 0.1 T and zero (left panels) and
10.6 mA of current applied through the sample (right pan-
els), when approaching the center of a vortex. In the upper
panels, the curves have been taken along the direction of a ray,
whereas in the bottom panels, these have been taken along
a direction in between rays. Notice that curves have been
color-coded as in the zero bias conductance images shown in
the insets.
Fig. 2 shows the comparison between the spatial vari-
ation of the tunneling conductance spectra when ap-
proaching the center of a vortex core without and with
a Isample = 10.6 mA. As it is well known, at zero cur-
rent, the zero bias Andreev bound states peak at the vor-
tex center[1] is displaced to higher energies when moving
away from the center (Fig. 2(left panels)). There is an in-
plane anisotropy observed in the tunneling conductance
curves when the vortex center is approached[11, 46].
The corresponding conductance maps at zero bias are
shown in the insets of Fig.2, with a six-fold star shape
whose rays are located at 30◦ with respect to the vor-
tex lattice[2–5, 26, 27]. Maps at other bias voltages are
shown in Fig.3. The star turns by 30◦ at a bias voltage
of 0.5 mV and the contrast inverts at bias voltages corre-
sponding to the quasiparticle peaks [2–5, 26, 27]. Under
the applied current, qualitatively the same features re-
main (Fig. 2(right panels) and Fig. 3(b)). However, the
peak at zero bias at the center of the vortex core is re-
duced (Fig. 2(right panels)) and the spatial variations
in conductance which give the six-fold star shape are de-
creased. The 30◦ turning of the star is smeared out and
the contrast inversion occurs at roughly the same bias
voltage (Fig. 3(b)).
FIG. 3: (Color online) Evolution of the shape of the vortex
core as a function of the bias voltage at zero current (a) and
with 10.6mA (b). Color scale follows the code used in the
full tunneling conductance curves shown in Fig. 2 and in the
insets. Data are taken at 200 mK and at 0.1 T.
Results obtained at zero field are shown in Fig. 4(a).
We observe an increase of the electronic density of states
at low energies and a slight reduction of the height of the
quasiparticle peaks.
It is useful to discuss our observations in relation to the
de-pairing Jd current. A simple, yet useful understand-
ing of Jd can be obtained by taking into account that
the current Doppler-shifts the superconducting density
of states[34, 47–52]. At the de-pairing current density Jd
the Doppler shift is of order of the gap and superconduc-
3tivity is lost. Unfortunately, the flow of a current through
the cross section of a bulk superconducting sample is a
difficult problem involving electrodynamics and vortex
matter which is not fully solved[31–33]. In a bulk type II
superconductor at zero field the current density distribu-
tion is inhomogeneous over the cross section of the sam-
ple, in particular close to the edge of the sample[32, 33].
Geometrical shapes with vortex and Meissner phases can
appear, whose distribution may be influenced by multi-
band superconducting properties[32, 35, 37–40]. Under
magnetic fields in the vortex phase, the magnetic field
of each vortex overlaps when the intervortex distance
a0 drops below λ. For instance, in 2H-NbSe2, a0 ≈ λ
at 0.1 T (taking λ of 0.15µm [36]). As the magnetic
field penetrates over the whole sample, one may assume
that then the current distributes homogeneously over the
thickness[41]. However, there is experimental evidence
for a dependence of the current distribution on the pin-
ning properties, even far below the de-pinning current.
Neutron scattering in a PbIn polycrystal with weak pin-
ning shows that the current distribution well below de-
pinning is similar than at zero field[42]. 2H-NbSe2 is a
material with weak pinning[43–45, 71]. If we assume that
the current flows at least over the magnetic penetration
depth λ close to the surface, we obtain a maximal value
for the current density Jsample ≈ 10
3A/cm2 both at zero
field and in the mixed state. Jd can be estimated using
Jd =
Hc
λ
[53, 54], and we find, taking Bc = 130 mT, with
λ = 0.15 µm and ξ = 10 nm, Jd ∼ 10
7A/cm2. This value
is four orders of magnitude above Jsample. Thus, the cur-
rent density in our experiment is far below de-pairing Jd
value.
The superconducting density of states of vortex free
areas at zero current is significantly different than the
one found at zero field. Close to zero bias, the tunneling
conductance is smeared (Fig. 4) and the quasiparticle
peaks are slightly reduced with respect to the zero field
result. This has been discussed previously in macroscopic
experiments, and shows that the magnetic field affects
the gap distribution over the Fermi surface [14]. Not
only NbSe2, but also other multiband superconductors,
such as MgB2[55, 56], CeCoIn5[57] and PrOs4Sb12[58, 59]
show a strong increase of excitations when applying a
magnetic field.
When we apply a current, there is an additional reduc-
tion of the superconducting density of states at the quasi-
particle peaks, and an increase in the zero bias conduc-
tance in vortex free areas. Thus, the application of the
current affects the band structure by further promoting
the decrease of smaller sized gaps over the Fermi surface
(Fig. 4b). Remarkably, this occurs with a current whose
value is far below de-pairing current Jd estimated above.
The Fermi surface of 2H-NbSe2 consists of nearly two-
dimensional (2D) concentric cylinders, which derive from
Nb 4d orbitals, and a single small three-dimensional (3D)
pancakelike sheet derived from Se 4p orbitals, as inferred
from angular resolved photoemission (ARPES) and de
Haas-van Alphen experiments[24, 25, 60–62]. The gap
size, as measured in Ref.[25], is found to be smallest along
one direction in one Nb derived 2D sheet. In the cen-
tral three dimensional sheet, the gap practically disap-
pears when increasing temperature, as shown by ARPES
and temperature dependent tunneling spectroscopy[23].
The anisotropy of the 2D sheets is significant, and has
been associated to the CDW and the six-fold in-plane
star shaped vortex core[4, 46]. Our data show that the
six-fold star shape is essentially maintained under an ap-
plied current, although it is significantly smeared. Thus,
it seems reasonable to conclude that the parts of the
Fermi surface with smaller sized gap values, which are
also affected by temperature[23, 25], are more sensitive
than the rest of the Fermi surface to the application of a
current. The states created in between vortices deplete
the Andreev core levels and give a reduction of the zero
bias peak found at the center of the vortex core.
It has been shown that Andreev bound states inside
a vortex core are different from quantum levels inside a
potential well in that they are not fully localized[18, 63–
65]. Andreev reflection provides a smooth connection
between core levels and the surrounding superconductor.
Our results show that the destruction of the gap in be-
tween vortices due to the current leads to a decrease of
the amount of Andreev levels in the core. The effect of
the current is, in this sense, similar to a pair breaking
effect due to impurities or dopants [66] or a magnetic
field.
Following Refs.[15–20], vortex motion is non-
dissipative when the quasiparticle scattering rate 1/τ is
well below core level separation. As we show here, the
application of a current reduces core level separation,
leading to a more continous-like core spectrum in
superconductors with a structured gap over the Fermi
surface. Thus, it seems easier to produce dissipation
through vortex motion if the gap shows a strong Fermi
surface dependence.
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FIG. 4: (Color online) (a) Zero field normalized tunneling
conductance curves taken at 200 mK. (b) Normalized tun-
neling conductance curves as a function of the bias voltage
obtained at 200 mK and 0.1 T far away from the vortex and
in between rays. In both cases, the black points correspond to
the measurements performed without the application of any
current and the red ones to the ones taken under a Isample =
10.6 mA.
4In Fig. 5 we compare the spatial evolution of the zero
bias normalized tunneling conductance G(0mV ) with
and without current flow along two characteristic direc-
tions of the core star-shape. The spatial variation of the
conductance is reduced by the applied current in all direc-
tions, giving vortices, which, as measured with tunneling
spectroscopy, are larger than without a current.
There have been several works discussing vortex core
radius shrinking in 2H-NbSe2 and other compounds when
increasing the magnetic field, in particular from Muon
scattering experiments[67–69]. The same experiments
find a significant increase of the amount of quasiparti-
cle states in between vortices with the magnetic field[68].
It is proposed that different Andreev levels are formed
in vortex cores of multiband superconductors, associated
to different parts of the Fermi surface with varying gap
size. The magnetic field induced disappearance of the
smaller sized superconducting gaps depletes core states
created by smaller gap. This, in turn, gives core states
with only large gap associated Andreev bound states that
are confined at a smaller length scale[68]. The definition
of the vortex core radius is somewhat arbitrary[69] and
depends on the particular experiment. It is found that,
generally, the magnetic field produces a slight reduction
of the coherence length ξ in conventional superconduc-
tors [69]. Measurements of vortex profiles at different
magnetic fields support this idea[70]. Nevertheless, it is
not straightforward to relate magnetic field induced mod-
ifications of core size to the superconducting density of
states [46].
Our measurements provide a comparison between zero
current and an applied current at the same magnetic
field. We observe an increase in size of the vortex shape
in the tunneling conductance map with an applied cur-
rent. The radial position of the minimum in the slope
of the radial dependence of the tunneling conductance
is located at a slightly larger radius with an applied cur-
rent, as compared to its value at zero current (Fig.5). We
observe the creation of states in between vortices when
smaller size gap features are further closed by the ap-
plication of the current. Our measurements show that
the actual core radius is a result of the full Fermi surface
features, and that the electronic properties of different
parts of the Fermi surface are interlinked to give the spa-
tial core shape.
On the other hand, the increased amount of quasi-
particle states observed with a small current suggests
that macroscopic measurements could give variations as
a function of current. Our result points out that low
currents can affect the gap structure of multigap or
strongly anisotropic superconductors. Current should
give additional directional information, providing new
ways of probing anisotropic gap structures from macro-
scopic measurements[14, 51, 55–59, 72].
In conclusion, we have used current driven scanning
tunneling spectroscopy to observe that a small current
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FIG. 5: Evolution of the normalized zero bias tunneling con-
ductance G0 at 200 mK and 0.1 T with the distance from
the center of the vortex r at zero current (black points) and
at Isample = 10.6 mA (red points) along the direction of a
ray (upper panel, Fig.2 upper panels) and along the one in
between rays (lower panel, Fig.2 lower panels). The data has
been averaged over the six equivalent directions in each case.
The radial derivative of the tunneling conductance dG0/dr
(numerically taken point by point from the data in the fig-
ure) is shown, for each case, in the insets (NC is normalized
conductance).
affects the local density of states and the vortex bound
states of 2H-NbSe2. Superconductors with multiple gaps
present sizeable variations of the gap structure as a func-
tion of the applied current.
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